Abstract. The error of partial discharge (PD) localization by UHF method will become gradually larger with the increase of source distance due to the UHF signal caused by PD is smaller or even undetectable. To improve the localization accuracy efficiently, this paper proposed a novel error correction method based on BP neural network. The measurement error dataset was trained by our designed algorithm and a compensation curved surface was drawn. The mean square root error of field test localization data was corrected by the compensation surface and the results proved that our proposed method could be used to improve the accuracy of UHF based PD localization for power equipment of power station.
Introduction
Partial discharge (PD) is an indicator of deterioration in insulation property of electrical devices, and it is also a cause of further deterioration in insulation property. Monitoring the PD signal provides an important way to identify insulation defect of devices and prevent dielectric breakdown [1] .
The method of positioning PD using the ultra-high frequency (UHF) electromagnetic wave sensing array features a wide positioning range, high sensitivity and suitability for online monitoring. Due to these reasons, it has attracted a lot of attention from researchers. It has great potential of being widely used to locate PD of substation [2] . Existing methods for delay estimation include the thresholding method, correlation estimation method, and the energy accumulation method [3] [4] , etc. But all of these methods have their limitations and thus contain errors. Theoretical analysis and experimental results show that, the difficulty in detecting UHF weak signals makes the localization errors increase with the distance from the PD source. It is also proven that there is a non-linear relationship between the localization error and the distance from the PD source.
The neural network has been used in the measuring and correcting systems [5] [6] . In this paper, an effective error compensation surface is constructed by training a limited number of errors of plot points. Then, the BP neural network is trained using the actually measured values, yielding an error compensation surface for the actually measured values of the proposed system. Finally, we can determine the coordinates of the PD source more accurately by adding the measured values to the corresponding compensation values. Simulation is conducted to demonstrate the effectiveness of the proposed method.
Principles of TDOA-Based Partial Discharge Positioning and Error Analysis
TDOA stands for time difference of arrival which takes the signal different time periods to arrive at sensors located at different places [7] . Consider that four sensors are placed at the plane Z=0, and the coordinates of four sensors are S1(L1,L2,0), S2(0,L2,0), S3(0,0,0) and S4(L1,0,0). A source of PD located at P(x,y,z) emits a electric signal at some time, and it takes the signal a time period of t1 to be received by S1. The signal reception time at S2, S3 and S4, is longer than S1 by t21, t31, and t41, respectively. The electromagnetic wave is transmitted in the air at the light speed c. From above notations, we obtain the following 3-D space location relationships. 2  2 2  1  2  1   2  2  2  2  2  2  1  2 1   2  2  2  2  2  1  3 1   2  2  2  2  2  1  1  4 
After elimination by addition or subtraction, the equation set above can be rewritten as: 
Hence, the position coordinate of the source of partial discharge is:
where θ is the location angle of the source at the horizontal plane, r is the distance between the source and the sensor S1.
From Eq. (2) and (3), it can be seen that the accuracy of delay estimation determines the localization accuracy. Currently, the accuracy can be improved by antenna array with higher performance and higher sampling rate. However, these methods will inevitably increase costs and reduce cost-effectiveness. On the other hand, existing algorithms for estimating the time delay include the thresholding method, correlation estimation method, and the energy accumulation method. The thresholding and energy accumulation methods are suited for signals with a high signal noise ratio. In the case of signals with a low signal noise ratio, both of the methods cannot determine the starting time of PD signal. For the correlation estimation method, to produce effective results, the two signals must share a high similarity, while the noise of these two signals must have a low level of similarity and is stationary [8] [9] . Hence, in this paper, we accept the existence of the system error, and learn the distribution of errors using the neural network. The PD source is localized more accurately by constructing an error compensation surface for a range of 0<r≤66m and 0<θ≤360°.
Neural Network-Based Method for Correcting Errors of Partial Discharge Locations
Due to the existence of error, we need to correct the location error in the following way:
where r´ and θ´ are the actual position of the source, r and θ are the localization results, In the electromagnetic environment with a low signal noise ratio, the interfering signal from the outside is very strong which leads to the fluctuations of the localization results even for the same source of PD. Therefore, we need to remove the jitters from localization results.
K-Means is a typical clustering method which is widely used to cluster the large-scale data. In K-Means, the n objects are partitioned into k clusters, where the intra-cluster objects share a high degree of similarity but the inter-cluster objects share a low degree. The steps of K-Means are as follows: first, k objects are randomly chosen to represent the center or the average value of each cluster. The rest objects are allocated to the nearest cluster based on its distance from the center of each cluster. Then, the average value of each cluster is computed again. These steps are repeated until the criterion function converges. The square error criterion is usually adopted and defined as:
where E is the sum of square error of all objects in the set, p is a point in the space, mi is the average value of the cluster Ci. The aim of this objective function is to generate clusters as compact and independent as possible. The distance here refers to the Euclidean distance. K-Means is used in this paper to remove jitters from measured values. We record the n values that the localization system produces at the same measuring point. K-Means is then used to partition the n data into m clusters. Let ai denote the number of elements in the cluster i. If 
On-Site Experiment and Verification
"EM TEST DITO" is used to simulate partial discharge signals in our experiment. This simulator can accurately generate discharging pulses by the EN/IEC 61000-4-2 standard. The on-site simulation is shown in Figure 1 . Typical examples of the discharging wave forms collected in the experiment are shown in Figure 2 . The direction angle of the perpendicular bisector of the line connecting sensors 1 and 2 is defined to be zero in the experiment. Linen tapes 100 meters in total are used to label the coordinates of measuring points along the zero-degree direction which is illustrated in Fig 1. We perform PD localization experiment by labeling a point every two meters in the range 0-66 m. Then the neural network is trained using the samples. The compensation surface constructed by the neural network is shown in Figures. 3 (a) and (b) . The PD localization experiment is conducted again given a direction angle of θ=90° every six meters in the range 0-66 m. Table 1 shows the test values of locations and the data errors compensated by the compensation surface in Figure 3 . 
Conclusions
The traditional methods of improving PD localization accuracy by enhancing the delay estimation algorithm or the hardware performance have their limitations. In this paper, we accept the existence of inherent error in the PD localization system. We recognize the inherent error by the BP neural network Then, the on-site test values are compensated. Experiments demonstrate the ability of the proposed method to determine the position of PD more accurately. K-means algorithm is also proposed to obtain more generic samples. In the future, we will study how to inproveing the PD localization accuracy via machine learning, etc.
